We show that the coherent interaction between microcavity polaritons and externally stimulated acoustic phonons forms a tunable polariton superlattice with a folded energy dispersion determined by the phonon population and wavelength. Under high phonon concentration, the strong confinement of the optical and excitonic polariton components in the phonon potential creates weakly coupled polariton wires with a virtually flat energy dispersion. DOI: 10.1103/PhysRevLett.97.045501 PACS numbers: 63.20.Ls, 42.50.ÿp, 71.35.ÿy, 73.21.Cd The coherent control of elementary excitations in condensed matter through spatial confinement effects is a major research topic. In recent years, methods have been sought for the control of dimensionality in a dynamic way using external fields. The dimensionality control normally requires fields with a spatial variation significantly smaller than the phase coherence length of the elementary excitation. This constraint can be generally satisfied for weakly interacting particles, such as photons or low-frequency phonons [1] . The stronger interaction of electronic excitations with their environment, in contrast, substantially reduces their coherence length, thus requiring field variations in the nanometer range to induce dimensionality effects.
The coherent control of elementary excitations in condensed matter through spatial confinement effects is a major research topic. In recent years, methods have been sought for the control of dimensionality in a dynamic way using external fields. The dimensionality control normally requires fields with a spatial variation significantly smaller than the phase coherence length of the elementary excitation. This constraint can be generally satisfied for weakly interacting particles, such as photons or low-frequency phonons [1] . The stronger interaction of electronic excitations with their environment, in contrast, substantially reduces their coherence length, thus requiring field variations in the nanometer range to induce dimensionality effects.
The phase coherence length of electronic excitations can be significantly enhanced by mixing them with photons. An outstanding example is the microcavity (MC) polariton -a quasiparticle formed through the strong coupling of excitons with photons in a semiconductor MC [2] . In the polaritons, the photons act as a clock that synchronizes excitonic resonances, thus imparting a longer time and spatial coherence to polariton states as compared to bare excitons [3] . The enhanced coherence has motivated basic investigations of micro-optical parametric oscillators [4] as well as ultrafast optical amplifiers [5] . Successful tuning of MC polaritons, without changing their dimensionality, has been demonstrated using static electric [6] and strain fields [7] . Conversely, the static reduction of polariton dimensionality using lithographically defined structuring has also been reported [8] [9] [10] [11] . Tignon et al. [12] have shown the dynamic reduction in dimensionality of polariton states through the formation of Landau levels under a magnetic field. Recently, Ivanov and Littlewood have proposed the use of acoustic fields for the coherent modulation of MC polaritons through an acoustically induced Stark effect [13] . They argue that the strong exciton-photon coupling inherent to the polaritons significantly enhances the light scattering cross section by acoustic phonons with important consequences for acousto-optic devices.
In this Letter, we demonstrate the dynamic control of dimensionality of MC polaritons through the coherent interaction with acoustic phonons in the form of Rayleigh surface acoustic waves (SAWs). Using a comprehensive theoretical model, we show that the periodic acoustic field modulates both the optical and electronic polariton components along the phonon propagation direction (x, cf. Fig. 1 ), resulting in a dynamic polariton superlattice with a period equal to the phonon wavelength ( SAW ). The dynamic character of the modulation allows us to follow the transition from a two-dimensional to a onedimensional polariton dispersion as the confinement potential increases with the phonon population. For low population, one observes additional reflectivity resonances associated with the folded dispersion modes. As the population increases, energy gaps open up in the dispersion due to the interaction between these modes. The transition to one-dimensional behavior takes place when the amplitude of the phonon-induced energy modulation exceeds the energetic width of the dispersion branch. Due to the weak energy dispersion, this effect is more pronounced for the lowest (or fundamental) dispersion branch, leading to the formation of an array of identical weakly coupled polariton wires oriented alongŷ. Diffraction experiments demonstrate that these wires reemit coherently under opti- cal excitation, thus opening the way for new concepts in quantum optics as well as optoelectronic applications.
The studies were performed using an Al; GaAs sample grown by molecular-beam epitaxy with the structure sketched in Fig. 1 [14] , on which a SAW with SAW 5:6 m is electrically stimulated by an interdigitated transducer (IDT). The GaAs spacer layer containing the quantum wells (QWs) is wedged in order to yield MC polaritons with different detuning energies @! ' ÿ ! between the uncoupled photonic (@! ' ) and excitonic (@! ) resonant energies alongx. The vacuum Rabi splitting was measured to be 4.0 meV.
We start with a theoretical description of the coherent interaction between MC polaritons and phonons. In the absence of acoustic pumping, the dispersion of uncoupled photons (subscript ') and excitons ( ) are given
, where k x is the inplane wave vector, @! 0 denotes the energy of the excitation for k x 0, and m is the effective particle mass [m ' n c =cd c ]. The SAW strain field simultaneously changes the thickness (d c ) and the refractive index (n c ) of the spacer layer. The SAW strain field in the cavity region consists of three components " ij z; t Re" ij ze i'SAW , ij xx, zz, xz. Here k SAW 2= SAW , and ' SAW k SAW x ÿ ! SAW t is the SAW phase. The complex amplitudes" ij were determined using the elastic model for SAW propagation described in Refs. [15, 16] . Using these results, the spatial modulation of ! '0 becomes [1, 16] 
The first term on the right-hand side represents the thickness modulation while the elasto-optic contribution (second term) is described in terms of the elasto-optic tensor p ij of the medium and applies for light polarized along the 110 direction (ŷ). In addition, the strain modulates the excitonic energy @! through the deformation potential (DP) interaction according to
where a h and b are the hydrostatic and the valence band uniaxial DPs, respectively [17] [18] [19] . Figure 2 (a) compares the spatial modulation of the photonic and excitonic resonances in the MC structure under a SAW with a linear power density P ' 100 W=m (defined as the acoustic power per unit length perpendicular to the propagation direction). Note that ! > 2! ' as a result of the stronger coupling of phonons to excitons [20] . The periodic perturbations expressed by Eqs. (1) and (2) fold the polariton dispersion alongx within a miniBrillouin zone (MBZ) of extent k SAW by coupling states with wave vectors differing by a multiple of k SAWx . The upper panels in Fig. 3 show the first four branches of the lower (LP) and upper (UP) polariton dispersion curves calculated for three different detunings using the procedure described in Ref. [16] . The folded dispersion presents gaps at its center and boundaries, which increase with the acoustic intensity. The fundamental (i.e., the lowest energy) dispersion branch becomes essentially flat for high acoustic powers, thus indicating the formation of a periodic array of weakly coupled polariton wires oriented alongŷ. In fact, the envelopes of the photonic ( ' ) and excitonic ( ) wave function components, obtained from the calculated polariton eigenstates, become localized, as displayed in Fig. 2(b) for the zone-center mode (i.e., k x 0). These envelopes, which were calculated for ÿ2:7 meV, vary little for 0 < k x < k SAW =2.
The dispersion of the additional branches is determined by the photon-exciton admixture of the modes. For negative detunings [cf. Figs. 3(a) and 3(b) ], the LP branches are predominantly of photonic character. Because of the lower photon effective mass, the dispersion of these branches is much more pronounced than the ones for the UP branches, which are mainly excitonic. The situation is reversed for positive detunings [cf. Fig. 3(c) ].
The experimental evidence for folded dispersion modes at the zone center was provided by normal-incidence reflectivity (R 0 ) measurements at 20 K. A modulation technique was employed to correct for temperature changes in the spectra due to heating at high excitation powers. Figures 3(d)-3(f) show R 0 measured for the detunings indicated in the respective upper panels. In the absence of acoustic excitation, the reflectivity shows two resonance dips associated with the excitation of the k x 0 modes of the LP and UP branches and oscillator strengths reflecting the photonic content. Under acoustic pumping, these modes redshift, and additional resonances appear at higher energies. The latter are attributed to the excitation of folded dispersion modes. This assignment is reinforced by the good agreement between the calculated and measured resonance energies illustrated in Figs. 3(a)-3(c) . In addition, the model describes well the dependence of the energies on acoustic power shown in Fig. 4(a) . The modes indicated by dashed lines in Fig. 4(a) have, due to their symmetry, a weak oscillator strength and are not observed in the experiments. Direct evidence for the long-range coherence of the folded polaritons is provided by diffraction experiments using the configuration indicated in Fig. 1 [21] . Here the zone-edge modes (i.e., with k x k SAW =2) are probed by illuminating the polariton grating at the Bragg angle and recording the backscattered first-order diffraction beam (R 1 ) [22] . As indicated in the lower panels in Fig. 3 , diffraction is observed from both polariton branches. The diffraction lines split into two with increasing acoustic power, as the energy gap between the first two zone-edge states exceeds the spectral linewidths. This behavior is particularly evident in the spectrum recorded for a higher power (P ' 250 W=m) shown in the inset in Fig. 3(d) . The splitting, which has been previously reported for bare cavities (i.e., without QWs) [1, 16] , directly demonstrates the formation of an energy gap through the strong interaction between the polariton modes with wave vectors k x k SAW =2 mediated by the phonons. The power dependence of the energy of the zone-edge resonances is also in very good agreement with the calculations, as shown in Fig. 4(b) . Finally, the shoulder indicated by the star in Fig. 3(e) provides an experimental verification of the dif- fraction from higher-order folded modes [from the third branch at the edge of the MBZ, cf. Fig. 3(b) ] predicted in Ref. [23] . Diffraction is a coherent process: Its integrated intensity (I R 1 ) depends both on the density and on the phase coherence of the excited modes. The density is determined by the flatness of the dispersion at the band edge, which increases with the modulation amplitude and dominates the behavior of I R 1 from the LP branch for low acoustic powers and negative detunings [cf. Fig. 4(c) ]. Decoherence effects, in contrast, become important under high acoustic excitation. In fact, the diffraction intensity in Fig. 4(c) reaches a maximum at a power density that decreases with increasing excitonic content. This unusual behavior, which differs from the monotonic increase in I R 1 observed in bare cavities [1] , is attributed to a reduction of the polariton phase coherence induced by exciton scattering. The polariton coherence time (on the order of 2 ps in the absence of SAW) shortens as excitons are either ionized or scattered while moving in the potential landscape produced by the acoustic field. The decoherence is also corroborated by the increase of the linewidths with the phonon population ( / P ' , for high P ' ), as illustrated in Fig. 4(d) for the fundamental polariton mode and 2:5 meV. Note that, in contrast to the interaction with thermal phonons, the excitons here coherently interact with the strain field of a single, well-defined vibrational mode [13] . The longitudinal piezoelectric field F x , in contrast, effectively ionizes excitons and reduces radiative recombination by spatially separating electrons and holes [16] . The calculated profiles for F x , illustrated by the dotted line in Fig. 2(a) , do not preclude the existence of polaritons with long coherence lengths. In fact, F x vanishes close to the maximum of j j 2 so that excitons within this region remain essentially unaffected. The spatial extent of this region decreases with increasing F x , leading to a lower population of coherent states contributing to diffraction. These decoherence effects have important consequences for optical modulation, since they limit the maximum diffraction amplitudes and can be avoided by exciting superlattices along nonpiezoelectric crystallographic directions.
In conclusion, we have demonstrated the formation of a dynamic polariton superlattice through the modulation of MC polaritons by stimulated acoustic phonons. The spatial modulation of the excitonic and photonic energies creates a folded polariton dispersion with well-defined stop bands. For high phonon concentrations, the modes of the fundamental branch are weakly coupled polariton wires, which reemit coherently under acoustic excitation. Since the dynamic confinement is controlled solely by the phonon population and wavelength, the polariton wires are identical and virtually free of potential fluctuations, in contrast to static ones defined by lithography [8] [9] [10] [11] . Note that unavoidable inhomogeneities in the IDTs introduced by the lithographic fabrication, while detrimental to the electroacoustic conversion efficiency, do not add potential fluctuations to the wires. In addition, periodic arrays of confined polaritons with different potential shapes can be generated and controlled by interfering SAW beams propagating along different directions [1] . Tunability is achieved by simply controlling the SAW wavelength, amplitude, or relative phase. Finally, the coherent control of essentially identical confined polaritons using acoustic fields demonstrated here opens the way for new concepts in quantum optics that can be exploited to manipulate the polariton density and to enhance nonlinear effects arising from polariton-polariton interactions [10] .
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